Donor/recipient MHC class II matching is beneficial to the survival of allogeneic kidneys in humans and swine. In the latter, tolerance to class I-disparate grafts can be induced by a short course of immunosuppression, a peripheral mechanism that implicates regulatory T cells. Absence of treatment will lead to prompt rejection. Rejected grafts are infiltrated by dominant alloaggressive T cells, whereas there is still speculation on the specificity and function of T cells invading accepted tissues. To characterize the TCR repertoire of graft-infiltrating T cells (GITC) in accepted kidneys, we have used the RT-PCR-based spectratyping technique to assess the length polymorphism of the porcine TCR␤ chain complementary-determining region 3 (CDR3). Results show that T cells infiltrating accepted kidneys (n ‫؍‬ 5) express a restricted polymorphism of the CDR3 length, whereas PBL from the same animal have the polymorphic distribution of CDR3 lengths found in naive animals; that the skewed V␤ repertoire in accepted grafts involved distinct V␤ subfamilies in otherwise MHC-identical recipient animals; that GITC clonal dominance is not caused by immunosuppression because a second kidney, accepted without drug treatment, exhibits the same TCR V␤ CDR3 profiles than those detected in the first graft; and that intragraft clonal dominance intensifies with time, indicating progressive preeminence of nonaggressive GITC clones. Collectively, these data represent the first example, in a preclinical model, of the emergence of nonaggressive intragraft clones, which may be involved in the induction/maintenance of local tolerance to allogeneic tissues.
A ccepted renal allografts are often infiltrated by recipientderived T lymphocytes in the early phases of the development of tolerance (1, 2) . T cells have been implicated in the rejection of solid organ allografts (reviewed in Ref. 3 ), but their direct involvement in the tolerance process remains controversial. The active participation of T cells in tolerance to allografts has been suggested from experiments in rodents involving the adoptive transfer of sorted CD4 T cells (4) . However, the failure of the rodent models as reliable indicators of tolerance-inducing regimens for clinical transplantation has compromised the importance of these studies and has necessitated the development of large animal models. In this regard, the availability of strains of miniature swine genetically defined for the MHC has proved valuable in establishing the respective roles of class I and class II Ags in the rejection of vascularized organs (reviewed in Ref. 5 ). In this model, tolerance to renal allografts can be induced across a twohaplotype class I plus minor histocompatibility Ag disparity following a 12-day course of cyclosporine (6) . Although it was shown in vitro that treated animals became unresponsive to donor Ags in CTL assays (6) , the direct involvement of T cells in the induction and maintenance of tolerance to solid organ allografts has not yet been explored.
Recent studies from our Research Center have demonstrated that thymus-dependent cells are essential for rapid and stable tolerance induction because thymectomized recipients of kidney allografts experienced rejection episodes following the 12-day course of cyclosporine (7) . Other findings have pointed to the importance of grafted kidney, and potentially to graft-infiltrating T cells (GITC) 3 , in the establishment of tolerance in vivo by demonstrating a "protective" effect of this organ over cardiac transplants (8) . Phenotyping of surface markers and molecular analysis of in situ cytokine gene expression profiles have indicated that intragraft cells from accepted and rejected kidneys belonged mainly to the CD8 ϩ T cell subset (1) . Differential genetic programs were, however, involved in GITC from rejected and accepted organs, as exemplified by low levels of IFN-␥ and high levels of IL-10 mRNA within the tolerant GITC population and the opposite distribution in rejected tissues (9) .
The role of the kidney graft itself has been suspected in local regulation of antidonor reactivity because skin grafts bearing kidney-donor class I plus third-party class II Ags were promptly rejected by animals still tolerant to the kidney (10) . The role of local regulation in peripheral T cell tolerance has been further strengthened by in vitro experiments comparing the functional properties of PBL and GITC from tolerant animals. Peripheral cells from tolerant animals could generate antidonor lymphocytotoxicity with appropriate stimulation, whereas under similar conditions, GITC from the same animal displayed no antidonor CTL reactivity (11) . These findings suggested that GITC included cell subsets able to down-regulate T cell activity, whereas PBL lacked such regulatory properties.
Collectively, these data suggest that GITC play a role in the tolerance process, which may involve activation of GITC subsets. They also imply that the selective activation of some intragraft GITC subsets may correlate with a skewed V␤ repertoire as measured by complementary-determining region 3 (CDR3) length polymorphism or spectratyping (reviewed in Ref. 12) . Clonal dominance of some V␤ subsets in rejected grafts has been reported in several models as a manifest expression of alloaggressive T cell clones (13) . No data are presently available, in a preclinical model, on the function and specificity of nonaggressive population of ␣/␤ T cells persisting in accepted grafts. To address this question, 16 porcine V␤ segments were cloned and sequenced to derive V␤-specific primers (14) . These tools were used to analyze the TCR␤ repertoire of PBL and GITC by determining the distribution of CDR3 lengths. We demonstrate that tolerance to kidney allografts is associated with the expression of an oligoclonal TCR repertoire in intragraft nonaggressive T cells. Similar clonal dominance was also observed in GITC from a second accepted graft, which was swine leukocyte Ag (SLA)-matched to the first. Finally, evidence for the importance of the graft in shaping this oligoclonal repertoire is presented.
Materials and Methods

Animals and surgery
Five-to 7-mo-old pigs were selected from a herd of partially inbred miniature swine raised at our institution. (15) . Open serial kidney biopsies were performed post-transplantation between postoperative day (POD) 8 and POD 30. In one of the recipient animals, the accepted kidney graft was removed at POD 157 and a second SLA g -matched kidney was implanted on the same day without additional immunosuppressive therapy.
RNA extraction and cDNA preparation
Procedures were performed with RNA derived from either 10 6 PBMC or from kidney biopsies, according to standard procedures (16) . The RNA was purified through a 5.7 M CsCl cushion in 25 mM sodium citrate, and first-strand cDNA was synthesized using 2 g of RNA, Superscript reverse transcriptase (Life Technologies, Rockville, MD), and poly d(T) primer (Life Technologies) in a final volume of 20 l, according to the manufacturer's recommendations.
Design of V␤-specific primers and RT-PCR spectratyping
We have previously characterized 16 different TCR V␤ sequences in pig (14) . V␤ primers were designed to anneal specifically to each V␤ sequence (Tables I and II) . Specificity of annealing for each primer was analyzed by RT-PCR on the 16 V␤ sequence-containing plasmids and this showed the expected amplification for each V␤ (C. Baron, manuscript in preparation).
RT-PCR amplification of the specific pig V␤ subfamilies
Eleven of the 16 TCR␤ transcripts tested were amplified from cDNA templates with a common C␤ primer in combination with one V␤-specific primer (Table I) . Computer sequence analysis, however, predicted that the common C␤ primer would form stable duplexes with the V␤2, 5, 8, 10, and 14 primer sequences. Therefore, distinct C␤-specific primers (C␤2, 5, 8, 10, and 14) were designed to selectively amplify the ␤ transcripts, using the combinations listed in Table II . One microliter of the first strand cDNA (corresponding to 0.1 g of total RNA) was amplified in 25 l of final volume, which contained 0.2 mM of each dNTP, 1.5 mM MgCl 2 , 50 mM KCl, 10 mM Tris-HCl (pH 9), 0.8 M of each primer, and 0.5 U of the Taq DNA polymerase (Fisher Scientific, Pittsburgh, PA). Amplification conditions were as follows: denaturation at 94°C for 30 s, annealing at 58°C for 40 s, and extension at 72°C during 50 s. Thirty cycles were performed and terminated by a 10-min extension time at 72°C.
Primer extension analysis with 32 P-labeled oligonucleotide primers
Sixty picomoles of the primer, 50 Ci of ␥[
32 P]ATP (NEN, Boston, MA), 15 U of T4 polynucleotide kinase (New England Biolabs, Beverly, MA), and 2.5 l of T4 polynucleotide kinase buffer were mixed in a final volume of 25 l and incubated at 37°C for 1 h. The labeled oligonucleotide was isolated over a G25 spin column, following the manufacturer's directions (Boehringer Mannheim, Indianapolis, IN). Primer extension was conducted on the various V␤ cDNA templates generated above with a new, 32 Plabeled C␤ primer (5Ј-ATCTCCGCTTCCGATGGTTCAA-3Ј) annealing to a sequence internal to that covered by the previous C␤ (Tables I and II) . Some extensions were generated with two J␤ primers (5Ј-CCAGGTGC CTGGGCCAAAGTG-3Ј and 5Ј-AGCACAGTCAGCTTGGAACCGTC-3Ј) specific for the J␤2.1 and J␤2.2 sequences, respectively (14) . Two cycles of primer extension reactions were performed as follows: 2 l of each PCR product was added to a mixture containing 0.1 M of the radiolabeled primer, 0.2 mM of each dNTP, 0.2 U of Thermosequenase (Amersham Pharmacia Biotech, Piscataway, NJ), 26 mM Tris/HCl, pH 9.5, and 6.5 mM MgCl 2 in a final volume of 7 l. The extension reaction included 30 s at 94°C followed by two amplification cycles consisting of a denaturation step at 94°C for 30 s, annealing at 58°C for 40 s, and extension at 72°C for 40 s.
V␤ CDR3 length polymorphism analysis
Each of the primer extension reactions (7 l) was terminated by adding 4 l of a 30-mM EDTA formamide solution. After heating at 75°C for 3 min, each reaction mix was loaded on a 6% polyacrylamide/8-M urea sequencing gel and electrophoresed at 50 W for 2-5 h depending on the length of the expected band. Autoradiography was performed with exposure times of 6 -24 h. Spectratyping bands were quantified from autoradiographies of the sequencing gels using the Molecular Analyst software (Bio-Rad, Hercules, CA). 
TGCTTCCCGTTCACCCACCAG a Because of cross hybridization between C␤ and some V␤ primers, transcripts containing the V␤2, 5, 8, 10, and 14 sequences were amplified with tailored pairs of V␤-C␤ primers as indicated (see Materials and Methods for details). V␤ numbering was based on best homology to known human V␤ sequences (14) . 
The C␤ primer was used in combination with any one of the V␤ primers. V␤ numbering was based on best homology to known human V␤ sequences (14) .
Results
Distribution of TCR␤ CDR3 length polymorphism in normal PBL follows a Gaussian distribution
The TCR␤ chain repertoire expressed by PBL from four naive inbred miniature swine was first analyzed. These samples comprised PBL from tolerant animals 13285, 11560, and 11561 collected before kidney transplantation, as well as PBL from naive animal 10715. Study of the CDR3 length polymorphism for the 16 V␤ subfamilies revealed a polyclonal distribution of CDR3 lengths as exemplified by the representative profiles presented in Fig. 1 . The repertoire of the 16 V␤ subfamilies followed a Gaussian distribution similar to that previously reported for PBL from other species (12, 17, 18) . Similar Gaussian diversity was observed in samples collected from three additional naive swine (data not shown).
T cells infiltrating an accepted kidney allograft exhibited a restricted TCR␤ repertoire
Kidney biopsies were harvested 30 days post-transplantation in five animals that subsequently became tolerant to the class I mismatched allograft. At that time, accepted allografts still demonstrated a marked infiltration of recipient-derived mononuclear cells, as shown in previous studies (19) . The pattern of the TCR␤ chain CDR3 length polymorphism of GITC from animal 13285 is shown as a representative example in Fig. 2 . All of the 16 V␤ subfamilies studied were successfully amplified, suggesting that cells entering the accepted kidney were not selected on the basis of the type of TCR V␤ they expressed. Contrary to the fairly uniform Gaussian profile observed in PBL, several V␤ subfamilies showed restricted patterns of CDR3 length polymorphism (V␤8, 14, 20, 24, and 100 in Fig. 2 ). This finding indicated that there was clonal dominance among T cells expressing particular V␤ subfamilies within the graft. The other V␤ subfamilies infiltrating this biopsy sample presented typical polyclonal profiles similar to those observed for normal PBL. Biopsies from the four other accepted grafts also demonstrated clonal dominance among cells infiltrating grafts at POD 29 and 30 (Fig. 3) . This clonal dominance did not, however, affect the same subset V␤ subfamilies in each accepted graft. Infiltrating T cells from the five accepted kidneys exhibited clear TCR dominance only for a limited number of V␤ (6 of the 16 studied). All of the GITC samples showed selected TCR profiles for V␤14 at days 29 and 30 posttransplantation as compared with that of PBL, with a marked oligoclonal dominance for animals 11574 and 13274 (Fig. 3, bottom) . Other V␤ CDR3 lengths such as V␤ 10 were restricted in three animals, whereas they were polymorphic in the other grafts (Fig. 3) .
Temporal evolution of T cell dominance in graft infiltrating cells
Kidney samples collected at POD 8, 18, and 29 for animal 11574 and at 8 days posttransplantation and 29 for animal 13274 were analyzed by spectratyping to determine the evolution of clonal dominance.
The evolution of the CDR3 length polymorphism profiles is presented in Fig. 4 . V␤ dominance was clearly obvious as early as POD 8 in animal 13274 for the V␤1, 6, and 14 subfamilies. The same CDR3 length profile distribution, with similar dominance, was detected in day 29 GITC. A similar trend was observed in the GITC of recipient animal 11574, which demonstrated comparable skewed profiles at days 18 and 29 for V␤100 (Fig. 4) . To confirm the progressive T cell clonal dominance among GITC using the V␤14 gene segment in the kidney of animal 13274, V␤14-J␤2.1 and V␤14-J␤2.2 spectratypings were performed (Fig. 4 , last two columns). As expected, the CDR3 length profile in those particular FIGURE 1. TCR␤ chain repertoire of PBL from a naive pig. Presented are the TCR␤ chain CDR3 length polymorphism profiles (V␤ spectratypes) of PBL from a 7-moold naive pig for the 16 pig V␤ subfamilies. The x axis represents the CDR3 lengths and the y axis represents the intensity of the radioactive signal measured on the film (in arbitrary units).
V-J combinations was restricted to few peaks by day 8 posttransplantation, a trend that accentuated with time and became in essence "monoclonal" by day 30 for V␤14-J␤2.1.
Restricted CDR3 length polymorphism is specific to intragraft T cells
To evaluate the importance of the microenvironment surrounding the GITC in the establishment of clonal T cell dominance, we compared TCR repertoires expressed by PBL and GITC collected on the same day. Fig. 5 shows the CDR3 length profiles obtained for PBL and kidney samples at POD 30 in three different tolerant animals. The CDR3 length polymorphism expressed by PBL and by GITC exhibited different patterns: most of the V␤ subfamilies that showed a restricted CDR3 length polymorphism in GITC showed a normal Gaussian distribution as in PBL that were collected on the same day. This finding indicated that GITC expressed a V␤ repertoire distinct from that of the peripheral T cell pool.
Similar CDR3 length polymorphism distribution in GITC from first and second grafts
Previous studies from our laboratory have demonstrated that animals tolerant to class I mismatched kidney grafts also accepted second kidney grafts, SLA-matched to the first, without the requirement for additional immunosuppression (19) . In this setting, the second transplant always contains lower levels of GITC as compared with those observed in the first kidney (reviewed in Ref. 5) . To determine whether the T cell clonal dominance we observed in GITC could have been in part due to pharmacological immunosuppression with cyclosporin A, we analyzed the V␤ repertoire FIGURE 3. T cell clonal dominance in graft infiltrating cells from several tolerant animals. All of the V␤ spectratypes were determined on renal biopsies from five different tolerant animals collected at POD 30. Shown are the six V␤ subfamilies for which restricted CDR3 profiles were observed in at least one of the five animals studied. The most restricted profiles are boxed. All of the other V␤ subfamilies demonstrated a nonaltered CDR3 length profile (result not shown). FIGURE 2. V␤ spectratypes of kidney graft infiltrating cells from tolerant animal 13285, 30 days after kidney transplantation. Some V␤ spectratypes (boxed) showed restricted CDR3 length polymorphism as compared with that from normal PBL (Fig. 1) or to other V␤ profiles in this figure. of T cells infiltrating a second graft in animal 13285 and we compared it with the one expressed in the first kidney transplant. The second kidney was implanted at the time of the removal of the first graft on POD 157. Kidney biopsies from the first and second grafts taken on POD 30 were compared. The results of spectratyping for the three V␤ subfamilies that showed a clear clonal dominance in the first graft are presented in Fig. 6A . Strikingly, there was clonal dominance in the same three V␤ subfamilies in the GITC from the second graft. These findings were confirmed by V␤14-J␤2 spectratyping of the same samples (Fig. 6B) , which clearly demonstrated clonal dominance. The results also emphasized the striking resemblance between the profiles of GITC from a first graft and those of cells infiltrating a second accepted graft in a long-term tolerant animal.
Discussion
TCR spectratyping has been used in rodents (13, 20 -23) and man (24) to evaluate the TCR␤ chain repertoire usage under normal physiologic conditions (24) and various pathological situations, including graft-vs-host disease (25) , allografts (17, 26, 27) , response to viral Ags (28), rheumatoid arthritis (29) , and malignancies (18) . In the present study, this technology was used to evaluate, in a preclinical model, the TCR V␤ repertoire of intragraft T cells and to assess potential correlates with in situ T cell tolerance. Standard approaches to T cell specificity of GITC have often involved cellular purification and/or in vitro cultures that have frequently biased the initial phenotype/function of these cells (30) . In contrast, the use of V␤ spectratyping, also known as immunoscope (12) , appears more appropriate because it allows a fine RT-PCR analysis of intragraft T cell V␤ dominance without modifying their intrinsic properties.
The present spectratyping study demonstrates V␤ CDR3 length polymorphism dominance of cells infiltrating accepted kidney grafts (Figs. 2 and 3 ) that is independent of the repertoire of circulating T cells (Fig. 5) . V␤ TCR dominance of GITC has been previously reported in rats in which tolerance-inducing protocols involved donor-specific transfusion of blood cells (17) . In this model, however, donor-specific transfusion performed before allogeneic heart transplantation induced similar clonal expansion in both GITC and circulating T cells collected at the same time points. This later finding prevents further conclusions on the direct involvement of these cells in the induction/maintenance of local tolerance in that model. In contrast to the rat model, our toleranceinduction protocol in swine is particularly suited to studying potential correlations between preponderant V␤ CDR3 length polymorphism in GITC and in situ tolerance because it relies only on transient immunosuppressive treatment (6) that does not affect the overall TCR repertoire of circulating cells.
The clonal ascendance observed in GITC from accepted kidney transplants may be due to trivial causes such as small biopsy sizes or immune reactivity to alloantigens. However, our results demonstrate that the same clonal-specific TCR␤ transcripts, permanently overexpressed in a first graft (Fig. 4) , reappeared in a second graft accepted by a long-term tolerant animal (Fig. 6 ). These data strongly argue against an effect of the sampling size and instead suggests that the GITC clonal dominance is present throughout the kidney graft parenchyma.
It is reasonable to assume that the antigenic triggers to clonal dominance in the tolerant GITC population are the allogeneic MHC class I Ags because our transplantation model makes use of MHC class I-mismatched, class II-matched renal grafts. This common antigenic disparity did not, however, promote dominance of the same V␤ TCR clones in each accepted graft, a possible consequence of the genetic diversity of the TCR loci in these animals. Selective TCR V␤ repertoires have been detected on alloreactive T cells in graft rejection responses (26, 27, 31) . Likewise, preliminary data from our laboratory indicate that clonal dominance occurs among GITC-invading class I disparate kidneys rejected by untreated recipient animals. However, such clonal selection implicates different V␤ clones from those expending in tolerated grafts. Therefore, clonal dominance among GITC is not exclusive to either tolerance or rejection, but rather is a consequence of the recipient immune response to alloantigens. Compelling evidence, however, indicates that the selected sets of GITC in rejected and . Such enduring survival demonstrates that cells infiltrating tolerated grafts are not alloaggressive, a feature in agreement with the absence of T cell activation and cytotoxicity against donor-type Ags in these animals (6) . Secondly, the time course study provides evidence on the progression of clonal dominance resulting in the predominance of few GITC subsets (Fig. 4) , suggesting that the elected T cell clones are progressively recruited for their nonalloaggressive function(s). Finally, the reappearance in a second graft implanted in a longterm tolerant animal of similar GITC V␤ profiles as those detected in the first graft (Fig. 6 ) strongly supports the view that the clonal emergence of these particular T cell clones is related to the intragraft tolerance process. Considering these data all together, we would suggest that although initially recruited by allogeneic activation, T cell subsets invading accepted grafts develop into nonalloaggressive cells that are likely recruited in tolerance-associated processes. Because previous studies have shown that tolerance, in our model, is established through nondeletional mechanisms (10, 32) , we may envision that part of the activated GITC pool includes a regulatory subset dedicated to the down-modulation of alloaggressive cytotoxic clones, as described in other species (4, 33, 34) .
Clonal expansion and/or up-regulation of certain TCR-rearranged V␤ transcripts may account for the preponderance of some tolerogenic GITC. Expansion of T cell clones has been reported in correlation with the induction of oral tolerance (35) . Experiments are in progress to test this hypothesis in pigs, although the in vivo labeling of dividing cells by standard dye or nucleoside substitutes appears difficult to assess in this large animal model. Alternatively, T cell dominance may result from transcriptional up-regulation of particular rearranged V␤ genes in a way similar to that reported for nonproliferating T cells that activated TCR ␤ gene transcription upon TCR triggering (36, 37) .
To our knowledge, this is the first report, in a preclinical model, demonstrating that accepted grafts develop a selective and persistent pool of activated T cells. Further studies will be required to establish the functional impact of this cell population(s) on the induction and/or maintenance phases of immune tolerance to vascularized grafts. 
